Objective: To characterize the impact of TX-001HR on the relationship between vasomotor symptom (VMS) improvement and quality of life and sleep.
V asomotor symptoms (VMS) have been shown to negatively affect quality of life, increase sleep disturbances, impair social relationships, interfere with mood, and decrease work productivity, and are especially bothersome when severe. [1] [2] [3] [4] [5] [6] [7] [8] [9] For example, women with moderate to severe VMS have increased frequency of nighttime wakefulness [10] [11] [12] and chronic insomnia. 13 They are also more than three times more likely to report impaired quality of life than those with mild or moderate VMS. 14 Women with moderate to severe VMS were 2.8 times more likely to have moderate to severe depressive symptoms than women with no or mild VMS. 15 The phase 3 REPLENISH trial, evaluated four doses of TX-001HR (TherapeuticsMD, Boca Raton, FL), an investigational, single, oral, softgel capsule containing 17b-estradiol and micronized progesterone (E2/P4) for the treatment of moderate to severe VMS associated with menopause. The 12-week VMS substudy of the REPLENISH trial showed that the two highest doses (1 mg E2/100 mg P4 and 0.5 mg E2/100 mg P4) significantly improved VMS frequency and severity, meeting the study's coprimary endpoints, and was the basis for FDA approval of the 1 mg E2/100 mg P4 dose (Bijuva, TherapeuticsMD, Boca Raton, FL) in October 2018. 16 During the 12-month safety study of the REPLENISH trial, TX-001HR significantly improved menopause-specific quality of life, as measured with the Menopause-Specific Quality of Life (MENQOL) questionnaire, including the MENQOL overall and vasomotor domain scores for up to 12 months. 17 TX-001HR also significantly improved sleep outcomes, as measured with the Medical Outcomes Study-Sleep (MOS-Sleep) questionnaire, including the MOS-Sleep total score and Sleep Problems Indices I and II scores for up to 12 months. 18 Although an association between VMS and reduced quality of life and sleep disturbances have been reported, 1-14 these relationships are not well understood. Thus, the objective of this analysis was to characterize the relationship between changes in VMS frequency and severity with TX-001HR and changes in the MENQOL questionnaire and the MOS-Sleep scale scores in the REPLENISH study.
METHODS

Study design
The REPLENISH study (NCT01942668) was a randomized, double-blind, placebo-controlled, multicenter trial that evaluated four doses of E2/P4 in a single, oral softgel capsule, in postmenopausal women with a uterus. Healthy postmenopausal women (aged 40-65 years; BMI 34 kg/ m 2 ) with !7/day or !50/week moderate to severe hot flushes were enrolled in a VMS substudy and randomized 1:1:1:1:1 to daily 1 mg E2/100 mg P4, 0.5 mg E2/100 mg P4, 0.5 mg E2/50 mg P4, 0.25 mg E2/50 mg P4, or placebo. Women who did not qualify for the VMS substudy were randomized 1:1:1:1 to active E2/P4 doses only. A computergenerated randomization schedule for treatment assignment was used to reduce the potential for selection bias. Other inclusion and exclusion criteria, which are typical of other trials assessing menopausal hormone therapy, are described elsewhere. 16 All women took two different sized capsules to maintain study blind for the different sized pills of the different doses (two higher doses were a larger capsule than the two lower doses) utilizing a double-blind, doubledummy design. The capsules were otherwise identical.
The four coprimary efficacy endpoints of the REPLENISH trial were changes from baseline in the weekly frequency and severity of moderate to severe hot flushes at weeks 4 and 12, as measured with a daily diary. Women entered in a daily diary the number of hot flushes experienced and their severity, which were scored as mild (score of 1), moderate (score of 2), or severe (score of 3); or checked a box if no hot flushes were experienced. Quality of life over the past month was measured using the MENQOL questionnaire 19 composed of 29 items from four domains (vasomotor [3 items], psychosocial [7 items ], physical [16 items] , and sexual function [3 items]). If symptoms were experienced, they were scored using a sevenpoint Likert scale ranging from not at all bothered (analysis score of 2) to extremely bothered (analysis score of 8); if symptoms were not experienced, the analysis score was set to 1.
Sleep quality was measured using the MOS-Sleep scale 20 consisting of 12 items that assess 6 dimensions of sleep over the past 4 weeks (sleep onset, sleep duration, maintenance, respiratory problems, perceived adequacy, and somnolence) and 9 subscales, which include sleep problems indices I and II. 20 Participants provided times for sleep onset and duration and rated the remaining items on a six-point scale (1, all of the time; 6, none of the time). The MENQOL and MOS-Sleep questionnaires were self-administered at baseline, week 12, and months 6 and 12 visits.
Statistical analyses
Analyses were performed in the modified intent-to-treat (MITT)-VMS population, which was defined as women who were randomized to the VMS substudy, took at least one full dose (two capsules due to blinding) of the study medication, had !5 days of baseline VMS data, and !4 days of VMS data for 1 on-treatment week. Sample size for the VMS substudy was previously reported but was estimated to be 150 women per treatment group based on providing at least 90% power to test the primary VMS hypotheses and allowing a 20% discontinuation rate.
In post hoc analyses, growth models were used to summarize the longitudinal data and provide change estimates to examine the relationships between linear changes in frequency and severity of hot flushes over 12 weeks, and changes from baseline in MENQOL (total and VMS domain scores) and MOS-Sleep (total score, sleep problems indices I and II) outcomes at 12 weeks. All four TX-001HR doses were combined and compared with placebo. A fixed cubic term was used in the growth model for frequency. This term was fixed to a single estimated value across every individual in the sample and captured the flattening of the curvature in the frequency data over time. Similarly, a fixed quadratic term was included in the growth model for severity to account for some nonlinearity in the severity data over time. Growth model fit was evaluated by several fit statistics with respective adequate fit criteria, including the comparative fit index (CFI), root mean square error of approximation (RMSEA), and standardized root mean residual (SRMR), which are the most commonly used fit indexes to describe the fit of structural equation models. CFI scores >90, RMSEA scores <0.08, and SRMR <0.10 indicate that the data fit the structural equation model well. If the data do not fit the equation models, that would suggest that the hypotheses supported by the equation models are not accurate. All analyses were performed using Mplus version 8. 21 
RESULTS
Disposition and demographics
A total of 766 women were enrolled in the VMS substudy and 726 were eligible for analysis in the MITT-VMS population. The MITT-VMS population comprised 591 women randomized to one of the four E2/P4 doses (n ¼ 141 for 1 mg E2/100 mg P4; n ¼ 149 for 0.5 mg E2/100 mg P4; n ¼ 147 for 0.5 mg E2/50 mg P4; n ¼ 154 for 0.25 mg E2/ 50 mg P4) and 135 to the placebo group. Eighty-nine percent (89%) of the women completed the substudy at 12 weeks.
Women had a mean age of 55 years (40-65) and a mean BMI of 27 kg/m 2 at study entry; 67% of the women were White and 31% were African American (Table 1) . At MIRKIN ET AL baseline, the VMS severity score was 2.5 and the frequency of moderate to severe VMS ranged from 72.1 to 77.0 per week or 10.3 to 11.0 per day.
VMS, MENQOL, and MOS-Sleep assessments
Improvements from baseline to week 12 in the weekly frequency of moderate to severe VMS ranged from À50.2 to À55.1 with E2/P4 doses and were significantly greater than those with placebo (all, P < 0.01). Weekly severity of moderate to severe VMS improvements from baseline to week 12 ranged from À0.71 to À1.12 with E2/P4 doses and were significantly improved with E2/P4 1 mg/100 mg, 0.5 mg/ 100 mg, and 0.5 mg/50 mg doses compared with placebo (all, P < 0.05).
The MENQOL questionnaire was answered by 99.9% (725/ 726) of participants at baseline and by 89% (649/726) at week 12. Improvements from baseline to week 12 in the MENQOL overall and vasomotor domain scores ranged from À1.6 to À1.9 and from À3.2 to À3.8, respectively with E2/P4 doses; improvements were significantly improved with all E2/P4 doses compared with placebo (all, P < 0.05).
The MOS-Sleep questionnaire was answered by 99% (720/ 726) of participants at baseline and by 87% (634/720) at week 12. Improvements from baseline to week 12 in the MOS-Sleep overall score ranged from À13.1 to À18.5 for the E2/P4 doses versus À11.5 for placebo; improvements were significantly better with 1 mg E2/100 mg P4 and 0.5 mg E2/50 mg P4 than placebo. Similar results were also observed for the sleep problems index II. For the sleep problems index I, all E2/ P4 doses improved the score with numeric improvement versus placebo; only the 0.5 mg E2/50 mg P4 was significantly different from placebo at 12 weeks.
Growth models
Results for the five growth models are summarized in Figures 1 and 2 . The specified models fit the observed data well with CFIs of 0.97, RMSEAs of 0.07, and SRMRs ranging from 0.05 to 0.08 for all five growth curves. Changes in the frequency and severity of VMS showed, among others, linear relationships with MENQOL total and vasomotor domain scores, as well as with MOS-Sleep total, and sleep problem index I and II scores. The fixed cubic term in the frequency growth model and the fixed quadratic term in the severity growth model were excluded from the figures because these terms did not show variance (fixed effects) on the models.
In women with moderate to severe VMS who received E2/ P4, changes in both VMS frequency and severity over 12 weeks were significantly related to changes in MENQOL total and vasomotor scores from baseline ( Fig. 1A and B) . For both MENQOL total and VMS scores, the effect of treatment was significantly associated via changes in moderate to severe VMS frequency and severity (all P < 0.05). For the MENQOL vasomotor domain, treatment retained a direct effect (estimate À0.36; P < 0.05). Similar results were also observed for the evaluated MOS-Sleep parameters ( Fig. 2A-C) . The treatment effect on the three sleep outcomes (MOS-Sleep overall and sleep problems indices I and II) was associated with changes in VMS frequency and severity.
DISCUSSION
In this post hoc analysis of the REPLENISH trial, improvements observed in MENQOL total and vasomotor domain scores at 12 weeks with TX-001HR, as well as MOS-Sleep total and sleep problem index scores, appear to be mediated, for the most part, through improvements in VMS frequency and severity observed over 12 weeks.
Our approach to determine the relationship between VMS frequency and severity with quality of life and sleep is consistent with the results of other analyses showing strong associations between VMS and quality of life and sleep outcomes. 5, 6, 9, 10 One study on health-related quality of life found that bothersome VMS negatively affected women's social functioning, emotional functioning, mental health, energy levels, and bodily pain. 6 Another reported that women with VMS were significantly more likely to have poor sleep, reduced sexual function/satisfaction, anxiety and fears, somatic symptoms, and decreased memory and concentration compared with those without VMS. 9 In addition, women with no VMS at baseline, had no improvements in health-related quality of life with hormone therapy. 9 Similar data have been reported for sleep outcomes. In SWAN, women with moderate to severe VMS were almost three times more likely to report problems of frequent nocturnal awakenings compared with women with no VMS. 22 Pinkerton and colleagues performed an analysis similar to ours using the results of the SMART-2 trial, which evaluated the effect of conjugated equine estrogens with bazedoxifene on hot flushes. 23 Consistent with our results, the data showed that VMS frequency and severity had approximately linear relationships with MENQOL and sleep parameters, and therefore improvements in hot flushes were associated with improvements in menopause-specific quality of life and sleep. Furthermore, they also reported that improvement in VMS severity was more strongly related to improvements in MENQOL outcomes than VMS frequency. This would suggest that the impact of VMS on quality of life is driven more by the intensity than frequency of the VMS. These 
CHANGES IN VMS MEDIATE QOL AND SLEEP OUTCOMES
results are in line with another study, which found that VMS problem rating or ''bothersomeness'' was a better predictor of VMS impact on health-related quality of life than frequency. 6 A limitation of this analysis is that it included all participants of the VMS substudy, including women who took the lowest dose of E2/P4 (0.25 mg/50 mg), which was included as a noneffective dose, and likely dampened the strength of the VMS frequency and severity relationships observed. Regardless, significant relationships were still found between VMS changes and quality of life and sleep parameters. Another limiting factor for interpretation of the data is that the correlations were only performed at week 12.
Although many believe that sleep (or quality of life) improvements are directly related to VMS relief, the idea that estrogens may affect sleep via the central nervous system has been proposed. 24 It has also been postulated that P4 induces GABAergic effects, having a beneficial effect on sleep. Studies have shown that hormone therapy containing P4 improved sleep parameters better than those containing medroxyprogesterone acetate. 25, 26 In the REPLENISH trial, women treated with E2/P4 showed improvement in measured sleep outcomes and had low incidences of somnolence (0.2%-1.2%). 18 However, the analysis presented here suggest an indirect effect of TX-001HR on sleep and quality of sleep through VMS reduction rather than a direct effect on these outcomes. In fact, the only direct effect of TX-001HR treatment on outcomes was observed on the MENQOL vasomotor domain, which may not be surprising as the MENQOL vasomotor domain specifically evaluates symptoms of hot flushes, night sweats, and sweating; and TX-001HR significantly improved the frequency and severity of hot flushes. 16 
CONCLUSIONS
The REPLENISH trial was a large, phase 3, randomized controlled trial in which oral continuous combined doses of E2/P4 significantly reduced the frequency and severity of VMS, with no endometrial hyperplasia, in postmenopausal women with a uterus. The analysis reported here extends those results by showing that TX-001HR improved quality of life and sleep outcomes via improvements in VMS frequency and severity.
